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Abstract
Supported vanadium oxide catalysts consist a group of technologically important catalysts and have been used extensively for the selective oxidation of o-xylene to phthalic anhydride, ammoxidation of alkyl aromatics, selective catalytic reduction of NO x with NH 3 . In addition to these oxidation reactions, supported vanadia catalysts have also been investigated for the oxidative dehydrogenation of alkanes to olefins, oxidation of butane to maleic anhydride and selective oxidation of methanol to formaldehyde or methyl formate. The most commonly employed supports are alumina, silica and titania. The catalytic properties of the active vanadium oxide phase can be greatly influenced by the nature of the supported oxide and dispersion of the active component. The supported oxide plays an important role in dispersing the active component of vanadium oxide. It is well established that the efficiency of supported vanadium oxide catalysts mainly depend on the dispersion of active phase, which in turn can greatly influence the nature of support and the method of preparation of the catalysts. Many studies have been devoted in the last two decades relating the structural information of supported vanadium oxide with their catalytic properties. Several methods available to titrate surface metal centers in oxides would greatly assist in understanding the effect of structure in the oxidation reactions. These methods include X-ray photo electron spectroscopy (XPS), temperature-programmed reduction (TPR), CO 2 chemisorption and oxygen chemisorption. A fundamental problem in catalytic oxidation is the estimation of the number of active sites on the surface of oxide catalysts. Although this remains a challenge for metallic catalysts as well, considerable progress has been made for metals in the determination of the quantity of surface atoms. So far only low temperature oxygen chemisorption (LTOC) has been applied to determine the dispersion of vanadium oxide on various supports. In LTOC the catalyst is reduced at relatively high temperatures and bulk reduction occurs, subsequent oxygen chemisorption at low temperatures will not titrate all the metal centers available on the surface. Thus, in this study the applicability of high temperature oxygen chemisorption (HTOC) was thoroughly investigated. It is concluded from these results that the oxygen chemisorption carried out at the same temperature of reduction of the sample is better method to determine the dispersion of vanadium oxide. In addition to HTOC several techniques including laser Raman spectroscopy (LRS), X-ray photoelectron spectroscopy (XPS), X-ray diffraction, temperature-programmed reduction (TPR) diffusion reflectance UV-visible spectroscopy (UV-DRS) and temperature-programmed desorption (TPD) of NH 3 were also used to characterize the catalysts. The catalytic properties were evaluated for the ammoxidation of toluene to benzonitrile and alkylation of phenol with methanol and are related to oxygen chemisorption sites. The major purpose of this investigation is to establish a simple, versatile and inexpensive chemisorption method for measuring the dispersion of vanadium oxide on various oxides viz., AlPO 4 , Nb 2 O 5 , Al 2 O 3 . Attention has been paid to investigate the nature of support and the vanadia loading on the nature of dispersed phase. The influence of structural properties such as crystal phases on the structural and catalytic properties of monolayer V 2 O 5 /ZrO 2 catalysts using various crystallographic modifications of zirconia as support was also studied. The influence of vanadium oxide precursor on the dispersion of supported vanadia catalysts was also presented. For all the catalysts reported in this dissertation work the catalytic properties were evaluated for two vapor phase catalytic reactions namely the ammoxidation of toluene and alkylation of phenol with methanol. In Chapter 1 the general introduction about supported vanadium oxide catalysts and an up to date literature survey on the applications and characterization of supported vanadia catalysts by various techniques like TPR, laser Raman spectroscopy and XPS have been provided. In Chapter 2 a brief description of experimental techniques viz., the preparation of various catalysts and their characterization techniques like X-ray diffraction (XRD), temperature-programmed reduction (TPR), temperature-programmed desorption (TPD) of ammonia, BET surface area, oxygen chemisorption, pore size distribution measurements, laser Raman spectroscopy (LRS) and X-ray photo electron spectroscopy (XPS) are provided. The experimental section also consists of the flow diagram of catalytic experiments for ammoxidation an alkylation reactions. In Section A of chapter 3 physico-chemical characterization results of vanadium oxide catalysts supported AlPO 4 were provided. Vanadium oxide catalysts supported on aluminium phosphate were prepared by impregnation method and characterized by various techniques like XRD, TPD, TPR, oxygen chemisorption, BET surface area, X-ray photoelectron spectroscopy and pore size distribution measurements. XRD results of various V 2 O 5 /AlPO 4 catalysts have shown the presence of V 2 O 5 crystallites from 10wt% of vanadia. With increasing vanadium loading from 7.5 to 15% XRD peaks become more intense and developed into specific peaks for the a-crystobalite phase of AlPO 4 . Dispersion of vanadia was measured at 640 K by static method on the samples prereduced at the same temperature. At low loadings (10 wt% of vanadia) the vanadia was found to be present in highly dispersed phase. TPR results suggest that the reducibility of vanadia is decreasing with increase of V 2 O 5 loading. XPS results suggest that the vanadia is present in highly dispersed state at lower loadings and the dispersion decreased at higher loadings. The conversion of toluene in the ammoxidation was found to increase up to 10 wt% and remained constant at higher loadings. However, the selectivites were found to increase with vanadia loading and slightly decreased at higher loadings. The conversion of phenol in the alkylation of phenol with methanol was also increased with in crease in vanadia loading up to 7.5 and remained almost constant at higher V 2 O 5 loadings. The selectivity O-alkylated product (anisole) was continuously decreased with increase in vanadia loading. However, the selectivity towards C-alkylated products (o-cresol and xylenol) was found to increase with V 2 O 5 loading. In Section B of chapter 3 physico-chemical characterization results of vanadium oxide catalysts supported monoclinic zirconia were provided. Vanadium oxide catalysts supported on monoclinic zirconia were prepared by impregnation method and characterized by various techniques like XRD, TPD, TPR, UV-DRS, BET surface area, x-ray photoelectron spectroscopy, Laser Raman spectroscopy and pore size distribution measurements. XRD results of V 2 O 5 /m-ZrO 2 catalysts showed the presence of vanadia crystallites from 7.5 wt% of V 2 O 5 . ESCA results suggest that the vanadia is in highly dispersed state at lower loadings and the dispersion decreased at higher loadings. LRS results of V 2 O 5 /ZrO 2 catalysts have shown the presence of V 2 O 5 crystallites from 7.5% of V 2 O 5 . The conversion of toluene in the ammoxidation reaction was also found to increase with vanadia content up to 7.5 wt% and decreased with further increase in V 2 O 5 loadings. The conversion of phenol is found to increase with vanadia loading up to 7.5 wt% and decreased with further increase in vanadia loading. During alkylation of phenol reaction only C-alkylated products were formed. The selectivity towards 2,6-xylenol was also found to increase with vanadia loading up to 7.5 wt% and decreased at higher loadings. In Section C of chapter 3 physico-chemical characterization results of vanadium oxide catalysts supported tetragonal zirconia were provided. The method of preparation of pure tetragonal zirconia was discussed. Vanadium oxide catalysts supported on tetragonal zirconia were prepared by impregnation method and characterized by various techniques like XRD, TPD, TPR, UV-DRS, BET surface area and pore size distribution measurements. XRD results show the presence of only tetragonal modification of zirconia. The conversions of toluene in the ammoxidation reaction was found to increase with vanadia content up to 10% and at leveled off with further increase in V 2 O 5 loadings. The conversion of phenol is found to increase with vanadia loading up to 10 wt% and decreased with further increase in vanadia loading. During alkylation of phenol reaction only C-alkylated products were formed. The selectivity towards 2,6-xylenol was also found to increase with vanadia loading up to 10.0 wt% and decreased at higher loadings. In Section D of chapter 3 physico-chemical characterization results of vanadium oxide catalysts supported zirconia were provided. The method of preparation of zirconia (monoclinc+tetragonal) was discussed. Vanadium oxide catalysts supported on zirconia were prepared by impregnation method and characterized by various techniques like XRD, TPD, UV-DRS, BET surface area, and pore size distribution measurements. XRD results suggest that zirconia employed in the present study containing both phases viz., monoclinic and tetragonal. XRD results of V 2 O 5 /ZrO 2 catalysts showed the presence of vanadia crystallites from 10 wt% of V 2 O 5 . The conversion of toluene in the ammoxidation reaction was also found to increase with vanadia content up to 10 wt% and remained constant with further increase in V 2 O 5 loadings. In order to optimize the reaction conditions, effect of temperature, feed rate, ammonia flow and air flow during the ammoxidation of toluene was studied. The conversion of phenol is found to increase with vanadia loading up to 10 wt% and remained constant with further increase in vanadia loading. During alkylation of phenol reaction only C-alkylated products were formed. The selectivity towards 2,6-xylenol was also found to increase with vanadia loading up to 10 wt% and decreased at higher loadings. The activities of V 2 O 5 /monoclinic ZrO 2 are higher than V 2 O 5 /tetragonal ZrO 2. The acidity measured by ammonia desorption method of the catalysts was found to increase with V 2 O 5 loading and decrease with further increase in vanadia loadings. The conversion of phenol during vapour phase alkylation was also found to increase with V 2 O 5 loading and decreased at higher vanadia loadings. In Section E, the characterization and catalytic properties of V 2 O 5 /Al 2 O 3 were discussed in relation with the results of various characterization methods. Influence vanadium oxide precursor was studied by preparing vanadia catalysts by two precursors viz., vanadium acetylacetonate and ammonium metavanadate. The XRD results V 2 O 5 /Al 2 O 3 catalysts shows V 2 O 5 reflections only from 10 wt%. The BET surface area measurements are supported by pore size distribution measurements wherein a decrease in pore area and pore volume are observed. TPR results suggested that the reducibility was found to increase with vanadia loading and the hydrogen uptake values were in proportional to the loading. Results of oxygen chemisorption method suggest that vanadium oxide was in highly dispersed state in the catalysts prepared by vanadium acetlyacetonate precursor compared to catalysts prepared by ammonium metavanadate. Catalytic activity during ammoxidation of toluene was found increase with vanadia content up to 10 wt% and remained constant at higher loadings. In Section F, the characterization and catalytic properties of V 2 O 5 /Nb 2 O 5 catalysts are given. The catalysts were characterized by BET surface area, XRD, TPR, TPD, oxygen chemisorption, pore size distribution measurements, and laser Raman spectroscopy. XRD results show the presence of b-(Nb,V 2 )O 5 peaks from 6 wt% vanadia. At low vanadia loadings the dispersion of vanadia was found to be high and decreased at higher loadings. The acidity of the catalysts was found to increase with vanadia loading and remained constant at higher loadings. The conversion of toluene in the ammoxidation were also found to increase with vanadia loading up to 6 wt% and decreased with further increase in vanadia loading. LRS results of the catalysts showed the presence of vanadia bands from 6 wt%. The catalytic activity during alkylation of phenol with methanol was very well supported by various characterization technique data. The most important conclusions that can be drawn from the present wok are: Oxygen chemisorption at 640K on the samples reduced at the same temperature provides a better measure of dispersion of vanadium oxide in supported catalysts for the supports like AlPO 4 , Al 2 O 3 , Nb 2 O 5 . TPR results suggest that the reducibility of vanadia supported on various oxides is different from that of pure vanadia. The reducibility of vanadia depends on the nature of support and the interaction between support and vanadia. The physico-chemical characteristics determined by various spectroscopic and adsorption techniques clearly exhibit the interaction between vanadia and the support. The dispersion of vanadia depends on the nature of support. From the results it can be concluded that the vanadia dispersion decreases in the order: V 2 O 5 /Al 2 O 3 (vanadium acetylacetonate)> V 2 O 5 /Nb 2 O 5 >V 2 O 5 /Al 2 O 3 (ammonium metavanadate)> V 2 O 5 /AlPO 4 . V 2 O 5 /Al 2 O 3 catalysts prepared by vanadium acetylacetonate precursor exhibit high catalytic activity than the catalysts prepared by ammonium metavanadate precursor. The catalytic properties were correlated with dispersion of the catalysts. The results of X-ray photoelectron spectroscopy and laser Raman spectroscopy of V 2 O 5 /ZrO 2 catalysts substantiates the findings of other characterization techniques. The results of X-ray photoelectron spectroscopy and oxygen chemisorption results of V 2 O 5 /AlPO 4 catalysts are in very good agreement with findings of other characterization methods. The temperature programmed desorption of ammonia results of the catalysts reveals that the acidity of the catalysts is found to increase with the increase of vanadia loading up to certain loading and these results are in good agreement with the catalytic properties. From Laser Raman Spectroscopy results it is clear that the V 2 O 5 peaks are seen above certain loading only, which is in good agreement with the monolayer capacity and also with the XRD and XPS results. Temperature programmed desorption of ammonia results shows that total acidity of the catalysts was increased with increase in vanadia loading. Pore size distribution measurements of various catalysts are found to be in accordance with BET surface area measurements and XRD results. V 2 O 5 /monoclinic ZrO 2 catalysts are found to be highly active in the ammoxidation of toluene to benzonitrile. Activity of supported vanadium oxide catalysts during ammoxidation of toluene follow the trend V 2 O 5 /m-ZrO 2 > V 2 O 5 /Al 2 O 3 (acac) > V 2 O 5 /ZrO 2 >V 2 O 5 /Nb 2 O 5 >V 2 O 5 / Al 2 O 3 > V 2 O 5 /AlPO 4 > V 2 O 5 /t-ZrO 2 . 13. 13. V 2 O 5 /monoclinic ZrO 2 catalysts are found to be highly active in the alkylation of phenol with methanol. The selectivity towards C-alkylated products was increased with increase in vanadia loading. Activity of supported vanadium oxide catalysts towards alkylation of phenol with methanol follow the trend V 2 O 5 /m-ZrO 2 > V 2 O 5 /Al 2 O 3 (acac) > V 2 O 5 /ZrO 2 > V 2 O 5 / Al 2 O 3 >V 2 O 5 /Nb 2 O 5 > V 2 O 5 /AlPO 4 > V 2 O 5 /t-ZrO 2 . 
  	 


